Featured Application: Solid oxide fuel cells (SOFC) are one of the power-generated devices that have received much attention over the last decade due to advantages, such as a high efficiency, quietness, multiple fuels, and the inexpensive catalyst nature. To improve the performance of SOFC, the electrospun electrode is introduced to the SOFC, which can be achieved by impregnating nanoscale particles on the backbone surface of fibers. In this paper, a theoretical model was developed for the electrospun electrode. This model captures the key geometric parameters and their interrelationships, which can be used to design the microstructure parameters, such as the particle radius, fiber radius, and impregnation loading.
Introduction
Solid oxide fuel cells (SOFC) have received much attention over the last decade due to advantages, such as a high efficiency, quietness, multiple fuels, and the inexpensive catalyst nature [1] [2] [3] [4] . One of the major challenges related to SOFCs is the short lifetime introduced by the high operating temperature. The decrease of the working temperature is an effective method to increase the lifespan of SOFC. Therefore, lower or intermediate temperature SOFC have been extensively studied in recent years [5, 6] . The electrochemical reactions in the SOFC electrode only take place at the so-called triple phase boundary (TPB), where oxygen ions, electrons, and gaseous species cohere. The reaction activity of the TPB sharply decreases with decreasing temperature. Therefore, it is significant for lower or intermediate temperature SOFC to have a long TPB. experimental studies, there is little theoretical research, to the best of our knowledge. The work of Enrico, A. and Costamagna, P [38] was developed specifically for LSCF fibers. Being LSCF a MIEC (mixed ionic electronic conductor, embedding both electronic and ionic conduction simultaneously), a number of infiltrated particles below the percolation threshold were considered. Conversely, in the present work, the fibers are considered to be a pure ionic conductor, and percolation of the infiltrated electronic conducting particles is a mandatory feature for the electrochemical reaction to expand into the electrode bulk, i.e. for the infiltration/fiber interface to contribute to the TPB. In this paper, based on the microstructure of EE reported in literatures [18, 19] and the percolation threshold, a theoretical model was developed for the EE by comparing the EE to fibers with surfaces that were coated with impregnated particles. This model captures the key geometric parameters and their interrelationship, which can be used to derive explicit expressions of several key electrode parameters. Furthermore, the TPB length of the EE was calculated based on this model. Finally, the effects of the particle radius, fiber radius, and impregnation loading were systematically studied.
Theoretical Model
Generally, EE is fabricated by combining electrospinning and impregnation methods. The nanofibers are firstly prepared via electrospinning, followed by casting/printing on the electrolyte and co-sintering to generate the backbone. Subsequently, nanoparticles are coated on the surface of the backbone by impregnation. However, with increasing impregnation loading, the layers of the coated particles may vary from less than one layer to more than one layer.
The multiple fabrication processes of EE lead to its distinctive microstructures. From a phenomenological viewpoint, the EE is a combination of the backbone and outer shell. The backbone closely resembles the packing of straight fibers because it is fabricated by sintering electrospinning fibers. Despite the sintering, the backbone still holds the straight fiber structure [33, 38] . The outer shell consists of impregnated nanoparticles, which adhere to the backbone surface. Based on the microscopic images [33, 34] , the nanoparticles are spherical. To simulate the heat treatment, contact angles are allowed between the spheres and between fibers and spheres.
Therefore, the backbone is considered to be a straight fiber structure in the theoretical model and the impregnated particles are considered to be spheres. In addition, all of the electrospun fibers and the impregnated particles in EE are of similar size. Thus, in order to simplify the model, the assumption that all of the electrospun fibers (the impregnated particles) have the same radii is adopted. The contact angle is widely used to describe the sintering process, which is generally set as 15 • in CE and IE [29, 35] . As a result, it is reasonable to assume the contact angle between particles or between fiber and particle is 15 • . As we all know, in the impregnating process, the nanoparticles randomly stick to the surface of the fibers irregularly [18] . Therefore, we assume that the particles are randomly dispersed on the fiber face. In fact, fibers possess three surfaces, including the top, side, and bottom surface where the nanoparticles can stick. The intersection between the fibers covers part of the surface of the fibers. However, it is a formidable challenge for the quantitative calculation of the reduction of the fibers surface due to the intersection between the fibers. Thus, we assume that the total area of the top and bottom surface of fiber equals to the reduction of the fibers surface due to the intersection between the fibers. The nanoparticles can only stick to the side surface of the fibers in this theoretical model. In a word, the assumptions include the following:
1.
All electrospun fibers have constant radii. 2.
All particles have constant radii. 3.
The particles are coated on the fiber face; the contact degree is 15 • .
4.
The contact degree between particles is 15 • .
5.
If the outer shell is smaller than one layer, the particles will be randomly dispersed on the fiber face. 6.
The intersecting region between the fibers is neglected. Figure 1 shows the schematic diagram of the developed theoretical model: Straight fibers (yellow cylinders) are randomly arranged in the electrode, acting as the backbone; nanoparticles (gray spheres) are coated on the fiber surfaces in three possible configurations. Depending on the impregnation loading, the shell may be smaller than one layer and one layer may be bigger (Figure 1 , from left to right). For a shell, which is not smaller than one layer, the percolation ratio P shell of the particles is 1. However, if the shell is smaller than one layer, the particles are randomly dispersed on the fiber face based on the fifth assumption (Figure 2a) . In this case, the P shell must be determined via percolation theory. Several particles cannot be connected to any of the percolation clusters (Figure 2a , red oval frame), and thus do not contribute to the TPB and need to be deleted, as shown in Figure 2b . In this paper, an algorithm was proposed to determine the P shell of the shell that is smaller than one layer.
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TPB Length Calculation
For the TPB length calculation, the fiber and particle are considered to be ionic and electronic conductors, respectively. Exchanging their roles will not influence the TPB calculation because they are pure (ionic or electronic) conductors. However, the influence on the TPB of the mixed ionic and electronic conductor (MIEC) is still under discussion [39] . Figure 1 shows that the impregnated fibers are randomly distributed in the electrode. They have different lengths, positions, and orientations. Because of the different volume fraction, the number of fibers also differs. For the TPB calculation, a repeating unit is first abstracted by tailoring the impregnated fiber, as shown in Figure 3 . This way, the volume-specific effective TPB length v TPB λ can be given by:
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For the TPB length calculation, the fiber and particle are considered to be ionic and electronic conductors, respectively. Exchanging their roles will not influence the TPB calculation because they are pure (ionic or electronic) conductors. However, the influence on the TPB of the mixed ionic and electronic conductor (MIEC) is still under discussion [39] . Figure 1 shows that the impregnated fibers are randomly distributed in the electrode. They have different lengths, positions, and orientations. Because of the different volume fraction, the number of fibers also differs. For the TPB calculation, a repeating unit is first abstracted by tailoring the impregnated fiber, as shown in Figure 3 . This way, the volume-specific effective TPB length λ v TPB can be given by:
where r el are the radii of the electron-conducting particles in the shell; α 0 is the contact angle between the fibers and particles, which is 15 • [40, 41] ; Z io−el is the coordination number between the fibers and particles in the repeating unit; n v is the number of repeating units per unit volume; p io is the percolation ratio of the ion-conducting fibers; and p el is the percolation ratio of the electron-conducting particles. The coordination number between the fibers and particles in the repeating unit: the coordination number io-el Z between the fibers and particles in the repeating unit can be geometrically derived. Figure 4 illustrates the geometric relations in the repeating unit. The coordination number is:
where θ is the central angle of the fiber occupied by one particle (see Figure 4a) . Notably, two layers of particles surround the fiber in the repeating unit, as shown in Figure 3 . The parameter η is the impregnation loading, which is defined as the ratio of the total impregnated particle number, to the particle number of the one-layer case. Therefore, η is 1 in the one-layer shell case. For shells with more than one layer, η is still 1 because the particles beyond the first layer are not in contact with the fibers, and thus do not influence the TPB length. However, η is smaller than 1 in the shells that are smaller than one layer. Based on Equation (1), the primary task of determining λ v TPB is the determination of the parameters in the equation, that is, the coordination number between the fibers and particles in the repeating unit Z io−el , number of repeating units per unit volume n v , percolation ratio of the ion-conducting fibers p io , and percolation ratio of the electron-conducting particles p el .
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where θ is the central angle of the fiber occupied by one particle (see Figure 4a) . Notably, two layers of particles surround the fiber in the repeating unit, as shown in Figure 3 . The parameter η is the impregnation loading, which is defined as the ratio of the total impregnated particle number, to the particle number of the one-layer case. Therefore, η is 1 in the one-layer shell case. For shells with more than one layer, η is still 1 because the particles beyond the first layer are not in contact with the fibers, and thus do not influence the TPB length. However, η is smaller than 1 in the shells that are smaller than one layer. The central angle θ can be geometrically calculated by:
where h 1 and h 2 are schematically illustrated in Figure 4 , they are calculated as:
where r io is the radius of the ion conducting fiber. The number of repeating units per unit volume n v : The volume of the ion-conducting fiber in the repeating unit is:
where h 3 is schematically illustrated in Figure 4 , it is calculated as:
Therefore, the number of repeating units per unit volume n v can be derived by:
where V io is the volume fraction of the ion conducting fibers in electrode. Percolation ratio of ion-conducting fibers p io : Based on the fabrication process and microscopic images, all ion-conducting fibers are interconnected. Therefore, the percolation ratio of the ion-conducting fibers is set to p io = 1.
Percolation ratio of electron-conducting particles p el : The percolation ratio of the electron-conducting particles depends on the impregnation layers of the shell. In shells with equal or more than one layer, all particles percolate; therefore, p el = 1. However, if the shell is smaller than one layer, the p el is obtained based on percolation theory. An algorithm was developed to automatically identify percolating particles. Because the percolated cluster must start from the top particle layer to the bottom particle layer, the algorithm starts from the top layer particles, like the green ones in Figure 5a . A loop is used to identify the clusters starting from every top layer particle. In this way, some isolated clusters will be automatically filtered out, such as the C4 and C5 in Figure 5a . The result will be all of the clusters starting from the top, as the C1, C2 and C3 shown in Figure 5b . However, not every identified cluster can stretch to the bottom of the cylinder. If a cluster contains no bottom layer particle, for example, the C2, it will be deleted. Thus, the remaining clusters are all percolated, shown as C1 and C3 in Figure 5c . The amount of the particles in those clusters divided by the total particle number in shells with one layer will be p el . 
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However, the influence of el r on the TPB length varies. For instance, at a smaller el r , the TPB length drops more rapidly; at a larger el r , the influence is weakened. Although finer impregnation particles are favorable for the TPB length, they can also increase the aggregation risk and directly lead to a decrease of the TPB length and bad electrode performance. In practice, the size of the impregnation particles must be carefully controlled to maximize the electrode performance. Figure 8 . The dependence of TPB length on r el and r io .
Conclusions

A theoretical model was established for the electrospun electrode, which considers the fibers as cylinders and the impregnated particle as spheres. Various layers of spheres are coated on the cylinders based on different impregnation loadings. Based on this model, the TPB length of the electrospun electrode was calculated, and the effects of particle radius, fiber radius, and impregnation loading were also investigated. The results indicate that the effective TPB length difference due to the change of V io increases with increasing impregnation loading η. Furthermore, thinner particle and fiber sizes are favorable for the enhancement of the TPB length. An algorithm is developed to calculate the percolation ratio of the electron conducting particles p el . It is found that the threshold of the impregnation loading η increases with the increase of the r el . For an impregnation loading higher than the threshold, the percolation ratio p el steeply increases. When the impregnation loading is larger than 0.66, all particles are connected for different r el , that is, p el = 1. 
